Early life stress is associated with the development of psychiatric disorders. Because the locus coeruleus-norepinephrine (LC-NE) system is a major stress-response system that is implicated in psychopathology, developmental differences in the response of this system to stress may contribute to increased vulnerability. Here LC single unit and network activity were compared between adult and adolescent rats during resident-intruder stress. In some rats, LC and medial prefrontal cortex (mPFC) coherence was quantified. The initial stress tonically activated LC neurons and induced theta oscillations, while simultaneously decreasing LC auditory-evoked responses in both age groups. Stress increased LC-mPFC coherence within the theta range. With repeated exposures, adolescent LC neuronal and network activity remained elevated even in the absence of the stressor and were unresponsive to stressor presentation. In contrast, LC neurons of adult rats exposed to repeated social stress were relatively inhibited in the absence of the stressor and mounted robust responses upon stressor presentation. LC sensory-evoked responses were selectively blunted in adolescent rats exposed to repeated social stress. Finally, repeated stress decreased LC-mPFC coherence in the high frequency range (beta and gamma) while maintaining strong coherence in the theta range, selectively in adolescents. Together, these results suggest that adaptive mechanisms that promote stress recovery and maintain basal activity of the brain norepinephrine system in the absence of stress are not fully developed or are vulnerable stress-induced impairments in adolescence. The resulting sustained activation of the LC-NE system after repeated social stress may adversely impact cognition and future social behavior of adolescents.
INTRODUCTION
Adolescence is a developmental period of increased stress vulnerability because of the ongoing neuroplasticity (Compas et al, 1993; McCormick and Mathews, 2007) and the immaturity of adaptive processes that are necessary for coping . For individuals exposed to early life stress, the inability to appropriately adapt to stressors could contribute to the development of psychiatric disorders in adulthood (Halligan et al, 2007; Lupien et al, 2009 ).
Stressors of a social nature are common and particularly relevant during adolescence as this is a time of dynamic social growth (Gladstone et al, 2006; Sebastian et al, 2010) . Human social stress is modeled in rodents using the resident-intruder model (Miczek, 1979) . Adult male rats repeatedly exposed to resident-intruder stress display endocrine, autonomic and behavioral features that characterize mood disorders in humans, underscoring the potential of this model to produce correlates of stress-related psychiatric diseases Rygula et al, 2005; Wood et al, 2010 Wood et al, , 2012 Wood et al, , 2013 . Although less well studied, adolescent male rats exposed to repeated resident-intruder stress have been reported to have cognitive impairments and escalated cocaine self-administration when tested in adulthood (Burke and Miczek, 2015; Novick et al, 2013; Snyder et al, 2015) .
A major stress-response system that is sensitive to social stress is the locus coeruleus-norepinephrine (LC-NE) system (Chaijale et al, 2013) . Stressors activate the LC-NE system and this translates to heightened arousal and cognitive changes that are adaptive in the acute stress response (Valentino and Van Bockstaele, 2008) . This activation is mediated by corticotropin-releasing factor (CRF), which enhances arousal and cognitive flexibility Valentino and Van Bockstaele, 2008) . Acute stress also engages an opioid receptor-mediated inhibition that restrains the excitation and facilitates the recovery of LC activity after stressor termination (Curtis et al, 2001 (Curtis et al, , 2012 . Repeated resident-intruder exposure produces enduring changes in afferent regulation of the LC that are expressed days after the last stress. Specifically, there is evidence for enhanced opioid drive to the LC in adult male rats (Chaijale et al, 2013) . In contrast, LC neurons of early adolescent rats recorded in the anesthetized state 24 h after the last resident-intruder stress were tonically activated, suggesting age-related differences in stress adaptation (Bingham et al, 2011) .
The present study aimed to determine how LC neurons of unanesthetized rats respond to the presence of social stress, whether this changes between the initial and a repeated exposure, and whether these effects are age dependent. Spontaneous activity was recorded from adolescent and adult rats before and during exposure to resident-intruder stress on the first and fifth consecutive day of exposure. Because LC neuronal responses to sensory stimuli are implicated in sensory processing and attention, the effects of residentintruder stress on LC auditory-evoked activity were also compared between age groups (Berridge and Waterhouse, 2003) . Additionally, because LC projections to the medial prefrontal cortex (mPFC) have been implicated in the cognitive aspects of stress (Arnsten, 2000) , coherence between the LC and mPFC was assessed.
MATERIALS AND METHODS

Animals
Male adult or adolescent (PND 42-55) Sprague-Dawley rats were used as intruders and male Long-Evans retired male breeders (Charles River, Wilmington, MA) were used as residents. Rats were maintained in a temperature and light controlled environment (20°C, 12-h light-dark cycle) with food and water available ad libitum. Residents were housed individually and intruders were housed two/cage until the day of surgery. Experiments were performed in the light cycle. The care and use of animals were approved by the Children's Hospital of Philadelphia Institutional Animal Care and Use Committee.
Surgery
Surgery for LC implantation of an 8-microwire electrode array (NB Labs, Denison, TX) was identical to that previously described (Curtis et al, 2012) . The array was attached to a Microstar head stage connected to a data acquisition system (AlphaLab; Alpha Omega; Nazareth Illi, Israel). Some rats had an additional depth electrode (tungsten microelectrode, 250 μm diameter) implanted into the mPFC (+3.2 AP, − 0.6 ML, − 3.0 DV) for simultaneous LC and mPFC local field potential (LFP) recordings. Animals were allowed 3 days to recover before experimental manipulations.
Repeated Social Stress
Following post-surgical recovery, rats were exposed to either resident-intruder stress (Miczek, 1979) or control manipulation, as described previously (Wood et al, 2010) . Intruders were placed into the resident's cage. When the intruder assumed a supine posture for 3 s (defeat), a mesh wire barrier was introduced to physically separate the intruder and resident for the remainder of the 30-min session. If the intruder did not assume the defeat posture, then the barrier inserted after 15 min had elapsed from the time when the intruder was placed into the cage. Control rats were placed in a novel cage for 30 min daily, with 15 min behind the wire partition. Rats were returned to home cages following each session. This was repeated for 5 consecutive days.
Electrophysiological Recordings
Recordings were performed on the first and fifth days of the experimental manipulation. Cables connected the head stage to the data acquisition system and baseline recordings were done in the intruder's home cage. LC multiunit activity was recorded using the AlphaLab (Alpha Omega, Alpharetta, GA), as previously described (Chaijale et al, 2013) . LC spontaneous activity was recorded for 300 s followed by a 200-s period of auditory stimulation (3 kHz tone, 50 ms duration, 80 db intensity, presented at 0.25 Hz, total 50 presentations). After the trial of auditory stimulation, LC spontaneous discharge rate was recorded for an additional 300 s. The cables were then disconnected and the rat was placed in the resident's cage (or novel cage for controls), as described above. Stress recordings occurred after the physical interaction, while the intruder was in resident's cage but was physically separated from the resident by the wire partition, which maintained visual, olfactory, and auditory communication between resident and intruder.
Electrophysiological Analysis
Single unit LC waveforms were discriminated and sorted using the WaveMark template-matching algorithm in Spike2 (Supplementary Figures S1A and B) (Cambridge Electronic Design, CED, v7.09), as described previously (Curtis et al, 2012) . Determination of single LC neuron waveform templates was made using baseline activity. These templates were matched to the spike train recorded during stressor exposure. This allowed direct comparison of the same single units before and during stress. This template discrimination and matching was repeated on raw spike train files recorded on Day 5. For analysis of LC spontaneous discharge, 'baseline' was the average of the mean rates recorded 300 s before and after presentation of the auditory stimulus while the intruder was in their homecage. 'Stress' values were calculated using the same time period after placement behind the barrier in the resident's homecage.
Peristimulus time histograms (PSTHs) of activity recorded during repeated auditory stimulation were generated offline. Single LC unit discharge was analyzed using 8 ms bins beginning 0.5 s before to 1.5 s after auditory stimulation. The evoked response was defined as that period after the stimulus when LC discharge rate exceeds 2 SD above the tonic rate until three consecutive bins 2 SD below the tonic rate. Evoked activity was quantified as the sum (total) number of counts (spikes) recorded over the duration of the auditoryevoked response.
LC LFPs were obtained from one of the wires of the multiwire bundle (12 000 kHz, bandwidth of 1-500 Hz). Electrode recordings in the mPFC were amplified at a gain of 5000 Hz, bandwidth of 1-150 Hz. LC-LFP and mPFC raw traces were time stamped in Spike2 to remove noise and converted to Power Spectra Density (PSD) plots indicating the relative power in 128 frequency bins from 0 to 50 Hz using Neuroexplorer (Nex Technologies, Madison, AL).
Histology
After the last experimental manipulation, rats were deeply anesthetized with isofluorane and current (17 μA for 20 s) was passed through the channel(s) on which single unit activity was observed. Rats were perfused with 6% potassium ferrocyanide, forming a Prussian blue reaction for identification of the electrode site (Supplementary Figure S1C) . Histological verification of electrode placement in the mPFC was also confirmed postmortem.
Statistical Analysis
Two-way repeated measures analysis of variance (rmANOVA) with age (adolescent vs adult) and condition (stress vs control) as between-subject factor and time (pre vs poststress) as the within-subject factor were used for comparisons between treatment groups on either day 1 or day 5. Two-way rmANOVA was used to compare changes in spontaneous and evoked LC discharge between control and stressed rats pre-and post-stress within each age group (condition as between-subject factor and time as the withinsubject factor). Two-way ANOVAs (condition as betweensubject factor and day as the within-subject factor) were used to compare mean LC discharge rates at baseline and during stress within each treatment group on day 5 vs day 1, with Student-Newman-Keuls for post hoc comparisons between means.
For LFP analysis, the average PSD value for different frequency bands (delta, 2-4 Hz; theta, 6-8 Hz; alpha, 8-12 Hz; and beta, 12-20 Hz) was calculated. These values were compared between days by a mixed-factor ANOVA (age and condition as the between-subject factor and frequency band as the repeated measure), with follow-up analysis determined using Tukey's HSD for post hoc comparisons between means. LC-mPFC coherence was calculated in Neuroexplorer using the LFP from a channel of the LC multiwire bundle and the LFP recorded from the depth electrode in the mPFC. LFP and coherence data were converted to spectrograms and heat maps, respectively, using a custom-written MATLAB program (MathWorks, Natick, MA).
RESULTS
LC Spontaneous Activity
On day 1 before any manipulation, mean LC spontaneous discharge rates were comparable between adult (1.7 ± 0.2 Hz, n = 32 cells/8 rats) and adolescent (1.4 ± 0.3 Hz, n = 26 cells/ 7 rats) rats (F(1,56) = 0.556; p = 0.46). Initial exposure to resident-intruder stress increased LC discharge rates of both adults and adolescents ( Figure 1a ; Table 1 ). A two-way rmANOVA revealed that the change in LC discharge among stressed animals was significantly different from controls on day 1 (Time × Condition; F(1,54) = 17.92; po0.001), indicating an effect of stress in both age groups that was not different between age groups (Time × Condition × Age; F(1,54) = 0.016; p = 0.901).
After five exposures to resident-intruder stress, adolescent LC discharge rates were elevated in the absence of stress to levels that were comparable to those seen during the initial exposure to resident-intruder stress (Table 1 , t = 0.67; upper CL diff = 0.95, lower CL diff = − 0.48). The mean baseline spontaneous LC discharge rate was significantly higher on day 5 vs day 1 in adolescent animals (Condition × Day; F (3,43) = 3.804; p = 0.017) (Figure 1b1 ; Table 1 ). Exposure of these rats to resident-intruder stress did not further elevate LC activity (Figure 1c1 ; Table 1 ). In contrast, LC discharge rates of adult rats before stress on the fifth day were relatively inhibited compared with their pre-stress rates on the first day of stress (Condition × Day; F(3,51) = 3.022; p = 0.038) (Figure 1b2 ; Table 1 ). Notably, LC neurons of adult rats exposed to repeated social stress remained strongly responsive to the stress (Figure 1c2 ; Table 1 ). Within-subject comparison revealed that stress altered spontaneous LC activity differently between age groups on day 5 (Time × Condition × Age; F(1,39) = 9.221; p = 0.004).
LC Auditory-Evoked Activity
As previously described, LC neurons of unanesthetized rats were robustly activated by discrete auditory stimuli (AstonJones and Bloom, 1981) . Figure 2 shows PSTHs of single unit LC activity during presentation of the auditory stimulus before and during social stress for an adult and adolescent rat on day 1 and day 5. LC auditory-evoked discharge was decreased during the initial stress exposure (Figure 2 ; Table 1 ). An rmANOVA revealed that the change in LC discharge among stressed animals was significantly different from controls on day 1 (Time × Condition F(1,48) = 6.523; p = 0.014), indicating an effect of stress in both age groups that was not different between age groups (Time × Condition × Age; F(1,48) = 1.109; p = 0.298). In contrast, by the fifth social stress exposure, the evoked response recovered in adults but remained inhibited in adolescent rats (Figure 2 ; Table 1 ). An rmANOVA revealed that stress altered LC auditory-evoked activity differently between age groups on day 5 (Time × Condition × Age; F(1,37) = 9.016; p = 0.005).
LC Network Activity and LC-Prefrontal Cortical Coherence
LC network activity was recorded as LFPs in a population of adolescent (n = 8 for days 1 and 5) and adult (day 1: n = 5, day 5: n = 4) rats during social stress exposure. Spectrograms displaying power in different frequencies over time show that LC LFPs are characterized by distinct high power in delta and/or theta frequencies depending on age and experimental condition (Figure 3) . On the first day of the experiment before stress, both adolescents and adults display prominent activity in the delta and theta frequency range (Figure 3a) . There was an effect of frequency (F(3,12) = 829; po0.001) that was not different between age groups (Frequency × Age (F(3,12) = 2.358; p = 0.123). Resident-intruder exposure elicited a robust theta oscillation in both adults and adolescents, and decreased power in lower (delta) and higher (beta) frequencies (Figure 3a) . A two-way rmANOVA revealed a main effect (F(3,22) = 3.69; p = 0.027) and effect of stress (Frequency × Time; (F(3,20) = 4.341; p = 0.016) that was not different between age groups (Frequency × Time × Age; F(3,20) = 0.545; p = 0.657). Two-way rmANOVAs analyzing the change within specific frequency bands confirmed that stress decreased power in delta (F(1,11) = 9.074; p = 0.012) and beta (F(1,11) = 15.26; p = 0.002) frequencies and increased theta (F(1,11) = 14.69; p = 0.003) oscillations in both age groups. On day 5, exposure to the stressor had no effect on LC LFP frequency (Frequency × Time; F(3,18) = 0.482; p = 0.699) (Figure 3b (Figure 3b2 ). Notably, a comparison between the first and fifth stressor experience indicated no difference in LC network activity for adults (F(3,12) = 1.294; p = 0.321). In contrast, for adolescents there was a Frequency × Day × Time interaction (F(3,26) = 3.442; p = 0.031), indicating that stress enhanced theta frequency on day 1 only because on day 5 LC network activity already showed prominent theta oscillations before the stress (F(3,28) = 5.623; p = 0.004).
In rats in which both LC and mPFC LFP recordings were optimal (n = 4/group), a strong coherence was detected in two specific frequency bands, 2-3 Hz and 7-9 Hz Figure 1 Age-dependent effects of social stress on LC spontaneous discharge. (a) Line graphs showing the mean LC discharge rates over time on day 1 (black, filled) and day 5 (gray, unfilled) for adolescent (a1) and adult (a2) rats undergoing social stress. The abscissae represent time (seconds) and the ordinates indicate the mean LC discharge rate (Hz). Time zero represents the start of recording during stressor exposure as described in Materials and Methods. Horizontal black bars represent the time of auditory stimulation. Note the increased spontaneous LC discharge rate following exposure to the stressor on day 1 in both the adolescent and adult animals. Also note that basal rates in adolescent animals are heightened on day 5 vs day 1, with exposure to the stressor producing no change in spontaneous activity from baseline. Conversely, adults display lower spontaneous discharge LC rates at baseline on day 5 vs day 1, with exposure to the stressor producing a robust increase in activity on day 5. (b) Bar graphs showing the mean baseline spontaneous LC discharge rate in adolescent (b1) and adult (b2) rats on day 1 (black) and day 5 (gray). # po0.05; post hoc comparisons to day 1 values. Error bars represent ± 1 SEM. (c) Bar graphs showing the change in LC discharge rates from baseline (expressed as a percentage of the baseline rate) in adolescent (c1) and adult (c2) control (unfilled) and stress rats (hatched) on days 1 and 5. Rates are based on the mean firing rate (Hz) from the two 5-min periods of spontaneous recording at baseline or during stress. *po0.05, **po0.01, ***po0.001; two-way rmANOVA comparison w/ controls. Error bars represent ± 1 SEM.
( Figure 4b ). Social stress exposure decreased LC-mPFC coherence within the 2-3 Hz band (Time; F(1,11) = 5.294; p = 0.042) regardless of day (Time × Day; F(1,11) = 0.001; p = 0.976) or age (Time × Age F(1,11) = 0.079; p = 0.785) (Figure 4c ). At the same time, stress exposure increased LC-mPFC coherence within the 7-9 Hz range (Time; F(1,11) = 10.81; p = 0.007) regardless of day (Time × Day; F(1,11) = 0.167; p = 0.69) or age (Time × Age F(1,11) = 0.605; p = 0.453) (Figure 4c) . In adolescents only, repeated social stress exposure additionally decreased LC-mPFC coherence at higher frequencies (12-40 Hz) (Figure 4b and c) . A comparison of coherence on day 1 vs day 5 revealed a trend for change among adolescents (F(1,12) = 4.127; p = 0.065) but not adults (F(1,11) = 0.7; p = 0.4). The effect in adolescents was attributed to diminished activity within the beta (12-20 Hz) and gamma (20-40 Hz) range (Day effect for beta: F(1,15) = 9.3; p = 0.01; Day effect for gamma: F(1,15) = 7.8; p = 0.02). Figure 2 Age-dependent effects of social stress on LC auditory-evoked activity. Example peristimulus time histograms (PSTHs) of single LC neurons generated during repeated presentations of the auditory stimulus before (baseline) and during social stress on days 1 and 5 in adult and adolescent animals. Spikes were generated in 8 ms bins. The ordinates represent LC discharge (counts). The abscissae represent time, ranging from 0.5 s before presentation of the auditory stimulus to 1.5 s afterwards. '^' denotes presentation of the auditory stimulus. Note the diminished sensory-evoked response from baseline in both age groups on day 1, and in adolescents only on day 5. Social stress, the locus coeruleus and prefrontal cortex GA Zitnik et al
DISCUSSION
The present study demonstrated distinct effects of social stress on LC activity depending on whether it occurs in adolescence or adulthood. Like other stressors, acute social stress shifted the mode of LC activity toward a high tonic state characterized by increased spontaneous discharge rate and diminished responses to discrete sensory stimuli (Curtis et al, 2001 (Curtis et al, , 2012 . Additionally, acute social stress altered LC network activity, inducing prominent theta oscillations within the LC and increasing LC-mPFC coherence within the theta range. Whereas the effects of a single social stress were similar for both adults and adolescents, repeated stress exposure revealed marked age-related differences. Notably, repeated exposure to social stress rendered LC neurons of adolescent rats hyperactive with a sustained theta oscillation in the absence of stress and unresponsive to stress re-exposure. In marked contrast, LC neurons of adult rats were relatively inhibited in the absence of the stressor and remained strongly responsive to a subsequent challenge, suggesting a degree of recovery that is not present in adolescence. In parallel, LC neurons of adults, but not adolescents, adapted to stress-induced decreases of LC auditory-evoked responses. Finally, repeated social stress exposure decreased coherence in the high frequency range in adolescent animals. Together, the findings reveal a muted ability of the LC-NE system of adolescents to recover from repeated social stress. As adolescence is a socially dynamic developmental period, the results underscore the potential for negative social experiences to have impairing effects on behavior and/or cognition because of the unique vulnerability of the brain NE system during this time.
Acute Social Stress and LC Single Unit Activity
The present study is novel in its characterization of rat LC neuronal activity during social stress and in the comparison with these end points between adolescent and adult rats. The initial exposure to social stress produced the predicted effects to increase spontaneous LC discharge and decrease auditoryevoked discharge regardless of age. This stress-induced shift in LC firing mode to a high tonic state that is less responsive to discrete stimuli is proposed to facilitate a shift to scanning attention and behavioral flexibility, responses that would be adaptive in coping with immediate environmental challenges (Aston-Jones and Cohen, 2005; Valentino and Van Bockstaele, 2008) .
Repeated Social Stress and Basal LC Activity
Striking developmental differences in LC activity were apparent after repeated stress. Repeated social stress and Figure 3 Age-dependent effects of social stress on LC local field potentials (LFPs). (a1, b1) Spectrograms displaying the average frequency (ordinates) over time (abscissae) across all animals recorded in each group on day 1 (a1) and day 5 (b1). Baseline is shown as the 300 s immediately before exposure, recorded in the intruder's home cage. Stress is shown as first 300 s after placement of the partition in the resident's cage. (a2, b2) Corresponding bar graphs represent the mean power spectral density (PSD) values on day 1 (a2) and day 5 (b2). Error bars represent ± 1 SEM. Note the decrease in the power in delta and beta frequencies and the increase in power in the theta frequency range in both age groups after exposure to the stressor on day 1. **po0.01 stress effect; *po0.05 stress effect. Note the overall higher delta activity in adults vs adolescents and overall higher theta activity in adolescents vs adults on day 5. # po0.05 age effect; ## po0.01 age effect.
repeated exposure to the single prolonged stress paradigm produce LC hypoactivity in adult rats that is observed days after stressor termination (Chaijale et al, 2013; George et al, 2013) . Inhibited LC discharge rate is also seen immediately after acute stress termination or after repeated trials of noise stress (Abercrombie and Jacobs, 1987; Curtis et al, 2001 ). This post-stress inhibition serves to promote recovery of LC activity after stressor termination and protect against sustained hyperactivity (Curtis et al, 2001) . Opioid afferents to the LC and occupation of μ-opioid receptors have been implicated in this inhibition (Curtis et al, 2001 (Curtis et al, , 2012 . The current findings indicate that the suppression of LC activity in adult rats exposed to repeated social stress is ongoing by the fifth day of social stress. Importantly, the results suggest that this recovery mechanism is either not fully developed in adolescence or that exposure to stress during this time period impairs this recovery mechanism. Rather, repeated social stress created a condition of LC hyperactivity in the absence of stress in adolescents. These findings are similar to those reported in anesthetized rats in which LC activity was recorded 24 h after the final exposure to the stressor, although in that study LC hyperactivity was observed in juvenile, but not in mid-adolescent rats (Bingham et al, 2011) . However, the present study differed from the latter in that recordings were done in the unanesthetized state and during, rather than after, the resident-intruder stress. The present results imply that in adolescents exposed to repeated social stress the brain noradrenergic system will maintain a high tonic state that is associated with hyperarousal and labile attention. Consistent with this, defensive burying behavior is enhanced in adolescent rats exposed to repeated resident-intruder stress (Bingham et al, 2011) . The duration the LC hyperactivity remains to be determined. LC recordings from adult rats that were exposed to repeated residentintruder stress during adolescence suggest that this effect does not endure into adulthood although those recordings were performed in the anesthetized state (Bingham et al, 2011) .
Repeated Social Stress and Sensory-Evoked LC Activation
The ability of a resident-intruder exposure to activate LC neurons in rats with a history of social stress was age dependent, being maintained in adults and lost in adolescents. The lack of activation in adolescents is not likely due to Social stress, the locus coeruleus and prefrontal cortex GA Zitnik et al a ceiling effect because LC neurons of unanesthetized rats can exhibit frequencies greater than 2 Hz (see Figure 1) . Rather, the results suggest that LC neurons of adolescent rats have not recovered from previous exposures and that the mechanisms by which a single resident-intruder exposure activates LC neurons are already engaged so that subsequent exposures are ineffective. LC auditory-evoked responses were also altered in an agedependent manner in rats exposed to repeated social stress. Typically, sensory-evoked LC discharge is inhibited when LC spontaneous discharge is tonically elevated, as was observed after the initial stress. The lack of selective responding to a single stimulus would be adaptive in a dynamic environment with life-threatening challenges. Surprisingly, after the fifth stress exposure, auditory-evoked LC discharge of adult rats was unaffected although the stressor elevated LC spontaneous discharge. Release of endogenous opioids that increase the signal-to-noise ratio of LC sensory responses could explain this (Valentino and Wehby, 1988 ). An unexpected finding in adolescents exposed to repeated social stress was that auditory responses were maintained in the absence of stress although LC discharge was elevated and exposure to stress decreased the auditory response although it did not affect spontaneous activity. Future studies focused on social stress effects on LC afferents in adults and adolescents should elucidate the mechanism underlying these stress-induced changes in LC sensory responses and their age dependency.
Social Stress and LC Network Activity
LFPs represent the summation of local neuron potentials and provide a read-out of oscillations emerging from the synchronization of neurons (Einevoll et al, 2013; FernandezRuiz and Herreras, 2013) . This network activity is thought to be fundamental to cognitive processes. Oscillations of specific frequencies were prominent in the LC depending on age and condition. Notably, the initial exposure to social stress induced a robust theta oscillation in both adult and adolescent LC. Theta oscillations in LC forebrain targets, such as the hippocampus and the amygdala, have been linked to fear consolidation and anxiety and these could arise from LC afferents because regionally selective LC activation is sufficient to drive hippocampal theta oscillations (Adhikari et al, 2010; Berridge and Foote, 1991) . As would be predicted by changes in LC single unit activity, theta oscillations were sustained in the LC of adolescent rats that had been repeatedly stressed, even when recorded in the home cage in the absence of stress. These effects on LC network activity reinforce the pronounced effect of repeated social stress in adolescents to sustain an anxiogenic, hyperaroused state.
Evidence for anatomical and functional connectivity between the LC and mPFC (Jodo et al, 1998; Lestienne et al, 1997; Morrison et al, 1979; Sara and Herve-Minvielle, 1995) supported a rationale for examining LC-mPFC coherence, a measure of the synchronous oscillations between brain regions (Engel et al, 2001; Fries, 2005) . Our recordings are, to our knowledge, the first to display the striking coherence between the LC and the mPFC in specific frequency bands in the awake, freely moving animal. Notably, stress exposure shifted LC-mPFC coherence to a distinct frequency range (7-9 Hz) regardless of day or age. As coherence between the mPFC and other brain regions within the theta range has been implicated in fear memory (Jacinto et al, 2013; Lesting et al, 2013) , the current study provides evidence that the LC also participates in this anxiogenic neural circuit. At the same time that repeated stress enhanced LC-mPFC theta coherence, it impaired coherence at higher frequencies (eg, gamma) that have been implicated in higher cognitive processing, selectively in adolescent rats (Benchenane et al, 2011) . These changes in LC-mPFC coherence could combine to promote an anxiogenic state with diminished cognitive ability to cope.
Clinical Implications
The dynamics of social interactions during adolescence shape individual mental health and future social status. Although social stress can occur at all ages, the present study suggested that its impact on the brain NE system would be significantly greater in adolescents compared with adults because of the decreased capacity of the adolescent LC for recovery and adaptation. Given the functions of the LC-NE system, the consequences of tonic hyperactivation would include sleep disturbances, inability to concentrate, behavioral hyperactivity, and anxiety. Previous studies from our laboratory suggest that this elevated basal discharge is associated with increased defensive behaviors (Bingham et al, 2011) . Diminished LC sensory responses could additionally impair sensory processing and performance in attention-related tasks. Finally, the inability of the adolescent LC to mount an appropriate response to a subsequent social challenge, taken with decreased LC-cortical gamma coherence could impair the ability to cognitively cope with future social challenges.
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